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In this contribution we explore constraints on the fractions of deep water present in 37 Indian and Pacific Oceans which originated in the northern Atlantic and in the Southern Ocean. 38 Based on PO 4 * we show that if ventilated Antarctic shelf waters characterize the Southern 39 contribution, then the proportions could be close to 50-50. If instead a Southern Ocean bottom 40 water value is used, the Southern contribution is increased to 75 %. While this larger estimate 41 may best characterize the volume of water entering the Indo-Pacific from the Southern Ocean, it 42 contains a significant portion of entrained northern water. We also note that ventilation may be 43 highly tracer dependent: for instance Southern Ocean waters may contribute only 35% of the 44 deep radiocarbon budget, even if their volumetric contribution is 75%. In our estimation, the 45 most promising approaches involve using CFC-11 to constrain the amount of deep water formed 46 in the Southern Ocean. Finally, we highlight the broad utility of PO 4 * as a tracer of deep water 47 masses, including descending plumes of Antarctic Bottom Water and large-scale patterns of deep 48 ocean mixing, and as a tracer of the efficiency of the biological pump.
4 on our global-scale calculations, so we stick with the formulation of Broecker et al. (1998) 77 above. 78 The attraction of PO 4 * as a water mass tracer is that although the deep waters formed in 79 the northern Atlantic range widely in temperature, all the contributors have PO 4 * values close to 80 0.7 (Figure 1) . Further, the deep waters (i.e., >2000 m) in the deep Pacific and Indian Oceans 81 have PO 4 * values close to 1.4. Hence were the PO 4 * for deep waters formed in the Southern 82 Ocean known, the relative amounts of deep water produced in the two key source regions could 83 be established. 84 Based on PO 4 * , Broecker et al. (1998) concluded that the deep Pacific and Indian Oceans 85 received about half of their water from the northern Atlantic and half from the Southern Ocean. 86 However, Johnson (2008) , Gebbie & Huybers (2010) , Primeau & DeVries (2011) , and Khatiwala 87 et al. (2012) , using more complex inversions of multiple tracers and model-data synthesis, 88 concluded that only about one quarter of this water came from the northern Atlantic.
89
Here we attempt to resolve this discrepancy by re-examining the PO 4 * -based approach. 90 We show that much of the mismatch may be resolved by consideration of what "counts" as 91 Southern-sourced water. Crucial to this discussion is the extent to which deep waters acquire 92 their tracer signatures by ventilation in the surface ocean or by entrainment during descent. Our 93 discussion is focussed on the volumetric contribution of Northern and Southern water masses to 94 the deep Indo-Pacific, rather than water fluxes. Flux information -for tracers or for parcels of 95 water -must be informed by estimates of residence time or formation rates, and we briefly 96 discuss the potential of radiocarbon and CFCs to provide such information. (Johnson, 2008; Gebbie and Huybers, 2010; Khatiwala et al., 2012) suggest that these depths are sourced water and 25 % NADW, with an uncertainty of ± 9% (1 SD). This is within error of the 6 values obtained by Johnson (2008) , Gebbie and Huybers (2010) and Khatiwala et al. (2012) . 143 However if we use the well-ventilated shelf water value of 1.95, the north-south balance is closer 144 to 50-50 (Broecker et al. 1998 Huber, 1990; Dong, 2008) and exchange along steeply dipping isopycnals in the Antarctic 183 Circumpolar Current (Abernathy & Ferreira, 2015) . 184 The key issue that we aim to bring awareness to is discussion of what "counts" as 185 ventilated Southern water. Implicit in the Gebbie & Huybers (2008) Further insights into Southern Ocean ventilation may be obtained using CFC data, which 220 also offer the potential to constrain flux information. As with 14 C, the degree of surface water 221 saturation (Schlosser et al., 1991) must be carefully considered if the input flux of CFC tracer is 222 to be converted to a ventilation flux for southern ocean water volume (England et al., 1994) . Ocean water give values of ~15 Sv (Orsi et al., 2002; Schlitzer 2007) . This is similar to values 226 for net production of NADW (Broecker et al., 1998; Ganachaud & Wunsch, 2000; Smethie & 227 Fine, 2001), so appears to support roughly equal ventilation of the deep ocean by the northern 228 Atlantic and the Southern Ocean (Broecker et al., 1998; Peacock et al., 2000; Orsi et al., 2001) . 229 However this does not rule out a much higher water flux from the south ( nutrient gradients (Talley, 1993; Talley, 1996; Sarmiento et al., 2004) , and are better traced by 278 salinity (Figures 8, A1-3) . Pacific deep waters returning through the Drake Passage are also hard 279 to identify using PO 4 * , falling in the middle of a PO 4 * mixing gradient between northern and 280 southern waters (Figure 7) , and are better identified by their low oxygen and high silicate 281 ( Figures A3, A5, A6 Figure 1 . Plots of PO 4 * versus potential temperature for water formed in the northern Atlantic and in the Southern Ocean (based on measurements made as part of the GEOSECS expeditions). Note that all contributors of NADW have PO 4 * values within the measurement error of 0.75 µmol/kg. The Southern Ocean PO 4 * was originally obtained by extrapolating the observed PO 4 *temperature trend to sea water's freezing point (Table 1) . As shown in Figures 3 and 4 , this extrapolated value is consistent with values observed close to the Antarctic margin in the Weddell Sea. Figure 3 . PO 4 * sections extending out from the Antarctic continent for the Weddell and Ross Seas. As can be seen, water with a value close to 1.95 is descending in a narrow margin-hugging plume. (Warren 1981) . This is also picked out by selected depth profiles along these sections (left hand panel), with the black dots showing a profile further out from the shelf edge. Entrainment of low PO 4 * waters in the subsurface reduces southern deep water PO 4 *, from 1.95 on the shelf to ~1.65 at depth. This can also be seen in the histograms in the right hand panel (encompassing larger areas than those shown in the maps and sections), which show two distinct PO 4 * populations in the top 1000 m, which mix to give the more homogenous values at depth. Note that Weddell Sea waters have higher PO 4 * than Ross Sea waters, likely due to less influence of low-PO 4 * NADW and higher local deep water formation rates, elevating PO 4 * throughout this more enclosed basin. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. Figure 5 . Circum Antarctic sections of PO 4 * and CFC-11 through the southern portion of the Southern Ocean. The locations of the profiles in the left hand panel are illustrated with symbols and shown in the inset map: the red circles are from the Weddell Sea, the purple diamonds from the Antarctic margin in the Indian sector, and the black stars from the northern margin of the Ross Sea. In the CFC section the black dashed line indicates CFC-11 concentrations >0.5 pmol/kg and the white dotted line indicates neutral densities >28.3 kg/m 3 ; these criteria, along with depth >1500 m, are used to define the alternative deep Southern Ocean PO 4 * end member. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. * waters generated in the Southern Ocean are blended in the Antarctic Circumpolar Current, forming circumpolar deep water. However a PO 4 * high at the seafloor and low at ~2000 m continue to trace the influence of AABW and NADW respectively. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. Figure 7 . PO 4 * on a section through the Atlantic, Southern, and Pacific Oceans and on the 27.6, 28.0, and 28.11 isopycnal horizons. The depths of these horizons are shown in the section. Mixing of low PO 4 * from the North and high PO 4 * from the South takes place along shared isopycnals, and also diapycnally in the Southern Ocean mixed layer and over rough bottom topography. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) .
PO 4 * @ ϒ n =28.11 PO 4 * @ ϒ n =27.6 PO 4 * @ ϒ n =28.0 Depth [m] PO 4 * Atlantic Southern Ocean Pacific Figure 8 : A global hydrographic section for potential temperature, salinity, PO 4 *, and silicate. Cross plots show all the data in this section with neutral density greater than 27.2 kg/m 3 ; the colours of the dots refer to the scale shown to the right of the cross plots. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. 
Section distance
James Rae 1/5/2018 00:45 Deleted: 9 Figure A1 : Atlantic hydrographic section for potential temperature, salinity, PO 4 *, and silicate. Cross plots show all the data in this section with neutral density greater than 27.2 kg/m 3 ; the colours of the dots refer to the scale shown to the right of the cross plots. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. Figure A2 : Indian Ocean hydrographic section for potential temperature, salinity, PO 4 *, and silicate. Cross plots show all the data in this section with neutral density greater than 27.2 kg/m 3 ; the colours of the dots refer to the scale shown to the right of the cross plots. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. Figure A3 : Pacific hydrographic section for potential temperature, salinity, PO 4 *, and silicate. Cross plots show all the data in this section with neutral density greater than 27.2 kg/m 3 ; the colours of the dots refer to the scale shown to the right of the cross plots. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) , with sections contoured using isopycnic gridding. Figure A4 : Potential temperature, salinity, PO 4 *, and silicate on the 27.6 isopycnal horizon. The depth of this horizon is shown in Figure 8 and averages ~1000 m in the basins and is in the mixed layer in the Southern Ocean. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) .
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Silicate @ ϒ n =27.6 29 Figure A5 : Potential temperature, salinity, PO 4 *, and silicate on the 28.0 isopycnal horizon. The depth of this horizon is shown in Figure 8 and averages ~2500 m in the basins and ~250 m in the mixed layer in the Southern Ocean. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) .
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Silicate @ ϒ n =28.0 30 Figure A6 : Potential temperature, salinity, PO 4 *, and silicate on the 28.3 isopycnal horizon. The depth of this horizon is shown in Figure 8 and averages ~4000 m in the basins and ~400 m in the mixed layer in the Southern Ocean. Data are from GLODAPv2 (Key et al., 2015; Olsen et al., 2016) with profiles, maps, and sections plotted in ODV (Schlitzer 2015) .
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